The purpose of this study was to clarify the viability of a novel method for removing debris from broken instruments from root canals using a laser apparatus. Laser welding was performed on stainless steel or nickel titanium files using an Nd:YAG laser. Retention force between the files and extractors was measured. Increase in temperature on the root surface during laser irradiation was recorded and the irradiated areas evaluated with a scanning electron microscope. Retention force on stainless steel was significantly greater than that on nickel titanium. The maximum temperature increase was 4.1°C. The temperature increase on the root surface was greater in the vicinity of the welded area than that at the apical area. Scanning electron microscopy revealed that the files and extractors were welded together. These results indicate that the laser welding method is effective in removing debris from broken instruments from root canals.
Introduction
Endodontic instruments may accidentally fracture during treatment, leaving fragments behind in the root canal. An operative microscope has been recommended for the removal of such debris 20, 23) . However, this procedure requires sufficient space in the root canal to allow a wide field of vision. Furthermore, there is the risk of secondary incidents such as perforation occurring during the removal procedure. A number of methods and techniques have been proposed for retrieving such debris from root canals 8) , most of which utilize mechanical grasping techniques 9) . Such techniques, however, require the wall of the root canal to be extensively reduced to secure a large enough operative field. Furthermore, accidental perforation or root fracture may occur during this procedure 24) . Other methods This paper was a thesis submitted to Departments of Endodontics, Pulp and Periapical Biology, Tokyo Dental College by Dr. R. Hagiwara. have also been proposed, including use of ultrasonic instruments 2, 3, 17) , hollow tubes with cyanoacrylate adhesive [18] [19] [20] , and friction between a microtube and needle 14, 15, 19) . However, these methods also have some disadvantages, including further breakage of the instrument in the root canal, extrusion of the instrument through the apical foramen 11) , and remnants of excessive adhesives in the root canal.
Laser welding using an Nd:glass laser was introduced in the field of dentistry in 1970 4) . Recently, the Nd:YAG laser has been applied for welding not only to stainless steel, but also to nickel-titanium alloy. In addition, an Nd:YAG laser and small-diameter optical fiber have been used for root canal treatment. In this paper, we propose a new procedure for removing debris from broken instruments from root canals which utilizes laser welding with an Nd:YAG laser. The purpose of this study was to clarify the viability of a novel method for removing debris from broken instruments from root canals using a laser apparatus.
Materials and Methods

Tensile test and scanning electron microscopy
Thirty stainless steel #20 files (K-file, MANI, Japan) and 20 nickel titanium #20 files (Quantec Series 2000, Sybron Dental, USA) were used as the endodontic instruments in this study. A 22G stainless steel tube (EndoEze Tip, Ultradent, USA) was applied as the extractor. The files were cut 8 mm from the tip and stuck into a cork board so that the cut end was located 2 mm above the board surface for laser welding. The exposed part of the file was covered with the extractor. An optical fiber 0.4 mm in diameter was then inserted into the extractor until its tip reached the file. Irradiation was applied using an Nd:YAG laser (Opelaser-Nd1, Yoshida, Japan) for 1 sec at 300 mJ in 10 pulse/s or 400 mJ in 10 pulse/s (Fig. 1 Files were cut and driven into cork board, leaving 2 mm of cut end exposed above board surface for laser welding. Exposed parts of files were covered with extractor. Irradiation by Nd:YAG laser was performed while maintaining contact between optical fibers and files. in Table 1 . A 22G stainless tube (Cancellier, Sybron Dental, USA) with a cyanoacrylate adhesive (Aron Alpha, Toagosei Company, Japan) was applied to stainless steel K-files as a control.
A tensile test was performed on each test group (10 specimens each) using a digital force gauge (Handy Force Gauge, Algol Instrument, Taiwan) with a 3 mm/min crosshead speed. Values at breakage were defined as maximum retention force. Another 10 intact specimens were embedded in a polyesterbased embedding material (Technovit 7200 VLC, Exakt Technologies, Inc., Oklahoma, OK, USA) and then sliced with a rotary cutting device (EXAKT-Cutting Grinding System, EXAKT VERTRIEBS GMBH, Germany) to obtain longitudinal sections including welded areas. Both intact and sectioned specimens were observed with a scanning electron microscope (SEM: JSM-6340F, JEOL, Japan).
Root surface temperature
Ten human maxillary central incisors with no caries or substantial defects were used to measure increase in temperature on the root surface. The incisors had been extracted due to periodontal disease and stored in a 70% ethanol solution. Written informed consent had been obtained for use of these specimens. The experiment was approved by the Ethics Committee of Tokyo Dental College (Ethical Clearance Number 376).
The pulp chamber was opened and the working length established using a #15 K-file from the incisal tip to the apex. The root canals were then instrumented up to a #70 K-file to a length of 6.0 mm from the apex. The teeth were fixed in an acrylic cube with self-curing resin and paraffin wax. A #20 K-File cut to a length of 8 mm from the tip was inserted into the root canal until the tip reached the apex. Thermocouple temperature sensors with a diameter of 0.2 mm (PTW-100A, Unique Medical, Japan) were placed on the root surface. The temperature was measured at two points at a distance of 1 mm (Point a) and 7 mm (Point b) from the apex (Fig. 2) . The extractors were inserted into the root canal to cover part of the K-file 2 mm from the cutting edge. The optical fibers were inserted from above and kept in contact with the files. Irradiation with the Nd:YAG laser was performed for 1 sec at 400 mJ in 10 pulse/s (max output power in this experiment). Increase in temperature on the root surface was measured at room temperature.
Statistical analysis
The Mann-Whitney "U" test was used for the statistical analysis of the data.
Results
Retention force in the KF300 group was 10.2±6.8 N and that in the KF400 group was 27.2±9.8 N. The values in the QT300 group and QT400 group were 2.4±1.6 N and 15.6 ±11.4 N, respectively. Retention force in the Cyano group was 10.7±6.7 N. Retention force was significantly greater in the KF400 group than in the QT400 group (p<0.05).
Retention force was significantly greater with a higher laser output in both the KF and QT groups (p<0.05). Retention force in the KF300 group was similar to that in the Cyano group. The QT300 group showed the lowest retention force (Fig. 3 ).
SEM observations
The SEM observations revealed that the surfaces of the files in the KF400 group had melted and appeared granular when these regions solidified (Fig. 4) . A similar granular appearance was found in the QT400 group. Observations of longitudinal sections revealed that molten metal from the file or extractor had flowed into the gap between the file and the extractor in all groups (Figs. 5, 6 ).
Root surface temperature
At point a, the temperature rise ranged from 0.1 to 0.6°C (mean, 0.2°C). At point b, the range was from 0.6 to 4.1°C (mean, 1.4°C). Change in temperature at the root surface by laser irradiation was found to be significantly higher at point b than at point a ( Table 2) .
Discussion
To remove debris from broken instruments from root canals it is necessary to utilize retention force. Mechanical grasping methods Melted metal surfaces of files in KF400 group showed granular structures when these regions had solidified. Fig. 3 Retention force of each file after laser irradiation at 300 or 400 mJ for 10 pulses per sec Retention force was significantly greater at higher laser output; it was significantly greater in KF400 group than in QT400 group in comparison of different metal compositions of files. have been shown to be useful in retrieving such debris. Hasegawa et al. 6) reported a retention force of 3.9 N with his original shape memory root canal manipulator, which uses the shape memory effect; 27 N with the f 1.2 mm extractor incorporated in the Masserann kit (MICRO-MEGA DENTAL EXPORT, Germany); and 29.5 N with the f 1.5 mm extractor used in the Meitrac Endosafety system (MEISINGER, Germany). The values observed in the present study appear to be similar to these retention forces.
Retention force in the KF300 and QT400 groups was equivalent to that in the Cyano group, and greater than that obtained with root canal manipulators. This suggests that retention force in the KF400 group was sufficient to remove debris from broken instruments from root canals. Retention force in the QT300 group was smaller than that in the other groups or that observed in other methods, indicating that it would be inadequate for removal of debris.
Retention force in the 300 mJ irradiation group was lower than that in the 400 mJ irradiation group. This suggests that irradiation of more than 300 mJ for stainless steel files or of more than 400 mJ for nickel titanium files would be necessary to obtain sufficient retention force to remove debris from the root canal.
The results also revealed that retention force in nickel titanium files was lower than that in stainless steel files. The melting point of austenite 18-8 stainless steel used for manufacturing a stainless steel K-file is approximately 1,400°C, which is slightly higher than that of nickel titanium alloy (approximately 1,300°C), while both alloys have similar thermal conductivity. Laser welding between alloys of similar composition yielded a satisfactory joint in comparison to that between alloys of different composition 5, 7, 22) . Therefore, the retention force of nickel titanium files was lower than that of stainless steel files. At the laser-irradiated point, it was clear that the laser irradiation had melted the metal surface. As shown in the longitudinal sections, molten metal flowed into the gap between the extractor and the file, indicating that the file retention forces were generated by the strength of the welding and mechanical interlocking between the file and extractor.
Although the metal surfaces were melted by laser irradiation, molten regions were localized. This phenomenon was probably due to the concentration of laser energy on a limited area, low laser output and thermal conduction welding.
Many methods have been proposed for the mechanical removal of debris from broken instruments from root canals since the introduction of the Masserann kit 8, 10, 13) . However, a considerable amount of dentin may have to be removed from the root canal wall in order to obtain an adequate working area. The external diameter of a Masserann kit is 1.1 to 2.4 mm; that of an iRS (DENTSPLY International, Switzerland) 14) , which uses friction between a microtube and a needle, is 1.0 mm; that of the root canal manipulator is 0.85 mm; and that of a Cancellier is 0.76 mm. However, in practical use, all of these require greater space than the diameter of each device. On the other hand, the extractor used in this study has an external diameter of only 0.7 mm. Therefore, it was not necessary to enlarge the root canal as much as would have been the case with other methods.
Although ultrasonic vibration methods 2, 17) can be used to remove debris from broken instruments from root canals without removing a large amount of dentin, these methods have other problems, including difficulty in achieving removal with ultrasonic vibration alone and the possibility of further instrument breakage in the root canal or extrusion through the apical foramen 11) . Furthermore, removal methods using cyanoacrylate adhesive [18] [19] [20] may result in incomplete removal of adhesive remnant in the root canal. Besides achieving a greater retention force than the Cancellier, the laser welding removal method does not have the disadvantages described above. Therefore, we believe that the laser welding removal method can provide maximum removal efficacy with minimum removal of the root canal wall.
When laser welding is employed in the root canal, the temperature increases locally. Accordingly, it is essential to consider how it affects not only the interior of the root canal, but also the periodontal tissue. Saunders and Saunders 16) reported an increase in temperature on the root surface during removal of gutta-percha for post preparation sufficient to damage periodontal tissue. Eriksson and Albrektsson 1) also reported that an increase in temperature of more than 10°C in bone resulted in bone injury. Nammour et al. 12) reported an increase in temperature of less than 7.0°C with laser irradiation for 1.6 sec and 4 W/20 pps output in the root canal. In our results, however, the maximum temperature increase was 4.1°C. This was probably because laser irradiation was performed in a closed space surrounded by the extractor and file. Thus, this method causes very little damage to periodontal tissue.
The maximum increase in temperature was only 0.6°C at 1 mm from the apex (point a) and 4.1°C at 7 mm from the apex (point b). Tokura 21) measured the rise in temperature at the root surface when using the heat plugger in System B (Analytic Endodontic, USA) and reported that the increase at the coronal portion was higher than that at the apical portion, as the apical portion is covered with thick and finely structured cementum.
The effects of laser irradiation on the root canal wall are considered to be minimal. Because irradiation is performed inside a closed space, the laser energy that passes through the gaps between the file and extractor is very small compared with that observed during root canal treatment.
Conclusion
Within the limitations of this study, it can be concluded that the tested procedure using Nd:YAG laser welding may serve as a novel method for removing debris from broken instruments from root canals.
